Objective: To examine the effects of stunting in early childhood on blood pressure in later childhood. Design: A cohort study. Setting: Kingston, Jamaica. Subjects: Seven to eight year old children, 120 stunted (height for age`À2 s.d. of the NCHS references) and 224 non-stunted (height for age b À1 s.d. of the NCHS references) at age 9 ± 24 months. Methods: Stunted and non-stunted children were identi®ed at age 9 ± 24 months by house to-house survey of poor neighbourhoods in Kingston, Jamaica. Blood pressure and anthropometry were measured at age 7 ± 8 y. Birth weight was obtained from hospital records (73%) or maternal recall. Results: The stunted children remained shorter and thinner than the non-stunted ones. In multiple regression analysis adjusting for size and pulse rate, the stunted children had higher systolic blood pressure (P`0.05). Birth weight was not a signi®cant predictor of systolic blood pressure. Conclusion: Stunting in early childhood may increase the risk of elevated systolic blood pressure in later life.
Introduction
A growing body of evidence suggests that risk of hypertension, diabetes and coronary heart disease is programmed by prenatal and early postnatal experiences (Kaplan & Salonen, 1990; Barker et al, 1989b; Law & Shiell, 1996; Whincup et al, 1989) . Poor maternal nutrition by restraining foetal growth appears to be part of the mechanism (Whincup et al, 1989; Barker et al, 1989a) , although the extent to which the link is causal is still debated (Joseph & Kramer, 1996; Elford et al, 1991) . Postnatal nutrition may also be important. Birth weight and weight at 1 y are associated with several cardiovascular risk factors and diseases; both measures are inversely associated with impaired glucose tolerance and diabetes in adults (Hales et al, 1991) , while low weight at 1 y, but not birth weight is related to increased plasma ®brinogen and factor VII concentrations (Barker et al, 1992) and ischaemic heart disease (Barker et al, 1989b; Fall et al, 1995) .
On the other hand systolic and diastolic blood pressure in adults and children has been reported to be inversely related to birth weight (Barker et al, 1989 (Barker et al, , 1990 . Blood pressure in children, tends to remain within a given percentile range (Shear et al, 1986; de Swiet et al, 1992) . Differences established in childhood are therefore likely to track into adulthood.
Investigations linking early nutrition with adult disease have focussed on foetal nutrition. However childhood undernutrition remains extremely common in many developing countries and associations with later disease need to be determined. It is estimated that up to 40% of third world children are stunted (de Onis et al, 1993) (height for agè À2 s.d. of NCHS references, Hamill et al, 1977) . Linear growth retardation occurs predominantly in the ®rst 2 ± 3 y of life, and is thought to be due to inadequate nutrition and high levels of morbidity, although the exact cause is not yet established (Waterlow, 1994) . Children who are stunted early in childhood are likely to have short stature in adulthood (Satyanarayanna et al, 1989 , Martorell et al, 1994 , although recent evidence suggests that some catchup growth may occur (Walker et al, 1996) . Strong associations between short stature and risk of heart disease have been demonstrated in adults (Jenkins, 1977; Palmer et al, 1990) . It is also possible that factors causing early childhood stunting may affect the risk of later development of cardiovascular disease through mechanisms other than the effect on body size.
The age and sex adjusted prevalence of hypertension is 24% in Jamaica (Cooper et al, 1997) . If early childhood growth plays a role in the development of adult chronic disease, then this may contribute to the incidence of these diseases in Jamaica and other countries experiencing the epidemiological transition. In this paper we report on the association of linear growth retardation in early childhood, with blood pressure in later childhood. The speci®c aims of the study were:
1 To determine whether stunting at 9 ± 24 months has an effect on blood pressure at 7 ± 8 y which is independent of current size. 2 To determine the relationship between blood pressure and current height, body mass index (BMI), other anthropometry and birth weight.
Subjects and methods
Between 1986 and 1989 we conducted a study on the functional effects of linear growth retardation (stunting) in 127 Jamaican children aged 9 ± 24 months (Walker et al, 1990 Grantham-McGregor et al, 1991) . In the original study all children aged 9 ± 24 months with heights below À2 s.d. of the NCHS references were identi®ed from a house-to-house survey in poor Kingston neighbourhoods. Children with weight for height above the NCHS median were excluded because they were thought more likely to be short for reasons other than undernutrition. The stunted children were randomly assigned to four groups: control, supplemented (1 kg of full cream milk powder weekly), stimulated (weekly structured play sessions) or both for 2 y. The stunted children were compared with a group of 32 non-stunted children matched for age, sex and neighbourhood with the children in the control group. Other selection criteria were housing and maternal education below certain standards, singletons, birth weight over 1.8 kg and no reported physical or mental handicap. The current sample comprised two groups of children. The non-stunted group included 108 of the 127 stunted children who participated in the original study. The nonstunted group included 224 children, whose heights were greater than À1 s.d. of the NCHS references for height between 9 and 24 months. This group comprised: (i) the 32 children used as comparisons for the original (ii) a further 192 children who had been identi®ed in the original survey and their heights and ages recorded. They lived in the same neighbourhoods as the stunted children and had lengths for age greater thanÀ1 s.d. of the NCHS references.
The sample size of the non-stunted group was increased so that a difference of 3 mmHg in systolic pressure between stunted and non-stunted children would be detected at the 5% level of signi®cance with a power of 80%.
Measurements
Blood pressure was measured with a mercury sphygmomanometer (Baumomanometer) in the sitting position using the right arm with the appropriate cuff (the child size cuff was used for all but four children, whose arm circumference exceeded 25 cm; the adult cuff was used for these children) and after resting for at least 10 min. Two measurements were taken at 2 min intervals and the mean used in the analyses. All measurements were taken by the same observer. Interobserver reliabilities were measured with another trained observer in 20 children using a doubleheaded stethoscope. The intraclass correlation coef®cient was high (r 0.90). Pulse rate was recorded twice over 30 s intervals between blood pressure measurements, and the mean used in the analyses. None of the children had had their blood pressure measured previously.
The children's heights, weights, mid-upper arm and triceps, and subscapular skin folds were measured by trained observers, according to standard procedures (Lohman et al, 1988) . Observers were blind to the present or past stunting status of the study children. Inter-observer reliabilities for anthropometric measures were determined before beginning the study (n 20). Intra-class correlation coef®cients for all measures were b 0.90. Body density was calculated from the two skinfold thicknesses using the equation of Parizkova (1961) , and then percentage body fat using the Siri equation (Siri, 1956) .
A questionnaire was administered to the children's parents or guardians to obtain information on the children's health history. Information on crowding, water and toilet facilities and household possessions was also collected, from which an index of socioeconomic status (SES) ranging from 4 to 12 was calculated, where 4 corresponded to the worst conditions and 12 to the best.
Birth weights from hospital records were available for 73% of the sample. Birth weight was also obtained from the mothers' recall when the children were age 3 ± 4 y, and at 7 ± 8 y for the subjects enrolled at that age. At age 3 ± 4 y reported weights were used for those children for whom hospital records were not available, since there was no signi®cant difference between reported and recorded weights when the children were this age (Gaskin et al, 1997) . For subjects 7 ± 8 y old without hospital records, a linear regression of reported birth weights on recorded birth weights for 112 children with both values was used to estimate recorded birth weight (estimated recorded birth weight 0.564 kg 0.850 reported birth weight, r 2 0.59). No birthweight information was available for three of the stunted children and 14 of the non-stunted children, usually because the children no longer lived with their mothers at the time of the recall.
Statistical analyses
Supplementation had a small bene®t to growth during the intervention but there was no difference in size at age 7 ± 8 y (Walker et al, 1996) . There was no indication that systolic blood pressure differed with supplementation (supplemented, n 55, mean + s.d. 91.8 + 7.8 mmHg, non-supplemented, n 53, mean + s.d. 92.0 + 7.7 mmHg). The stunted children were therefore considered as a single group in all analyses. Associations of systolic blood pressure with the current anthropometric variables and birthweight were examined by use of Pearson product moment correlation coef®cients. t-Tests were used to determine the unadjusted differences in blood pressure between the groups. In order to determine whether the factors which caused early stunting have effects on blood pressure at 7 ± 8 y old, independent of current size, a series of multiple regressions were conducted. The stunted and non-stunted groups were analysed separately, because group and current anthropometric measurements were highly correlated. In all these analyses, the systolic blood pressure was the dependent variable.
In all analyses age, sex, current height and body mass index (BMI kgam 2 ) were entered. Following this the armcircumference, percentage body fat, SES and birth weight, were offered stepwise. In order to compare the stunted and non-stunted children we then calculated t-tests to determine whether the slopes for each independent variable were signi®cantly different between the groups and to determine whether the intercepts for the groups were different for each regression model. The comparison of the intercepts indicates whether the systolic blood pressure in the stunted and non-stunted children was signi®cantly different after adjusting for the covariates in the model.
Results
The mean age (s.d.) of the non-stunted children was slightly higher (96.56 (4.64) months) than that of the stunted group (92.45 (3.91) months, P`0.001). The non-stunted group had signi®cantly larger height, weight, body mass index Growth retardation and blood pressure PS Gaskin et al (BMI), arm circumference, subscapular and triceps skinfolds, percentage body fat and birth weight than the stunted group (P`0.001 for all measures; (Table 1) . Non-stunted subjects also had signi®cantly higher SES index (P`0.001) and higher mean systolic blood pressure (P`0.001) than the stunted subjects. The difference between groups for pulse rate was not signi®cant. In both groups, systolic pressure was signi®cantly correlated with height, weight, BMI and arm-circumference. In the non-stunted group only systolic pressure was also related to the subscapular and triceps skinfolds and percentage fat. In addition systolic pressure was signi®cantly correlated with pulse rate in the non-stunted but not the stunted children. There was no signi®cant correlation with birth weight or SES in either group (see Table 2 ).
In multiple regression analysis systolic blood pressure increased with increasing BMI and height for both groups and, among stunted subjects, systolic blood pressure fell with increasing age (Table 3) . No other variables offered (arm-circumference, percentage body fat, birth weight, SES) entered the regressions.
We compared the regression coef®cients in the stunted and non-stunted group. None of the slopes for the regressions of systolic pressure were signi®cantly different, indicating that the relationship of blood pressure to the anthropometric measures was not signi®cantly different between the groups. We then compared the intercepts. Systolic pressure among stunted subjects tended to be higher than in non-stunted subjects (P`0.1) after controlling for size.
Pulse rate is usually positively associated with systolic pressure (Gillum, 1991) as sympathetic stimulation induces both chronotropic and inotropic effects (Guyton, 1982) . Stress by increasing sympathetic out¯ow may therefore cause increases in pulse rate and systolic blood pressure. Pulse rate may therefore be a proxy for degree of arousal during measurement of blood pressure. As expected, pulse rate was signi®cantly correlated with blood pressure in the non-stunted children (r 0.38, P 0.001); however, this relationship was not seen in the stunted children (r À0.013, P 0.89). Since the relationship between pulse rate and systolic blood pressure appeared to differ in the stunted and non-stunted groups, we conducted a further regression analysis in which pulse rate was entered (Table 4) . Among stunted subjects, pulse rate was not a signi®cant predictor of systolic blood pressure. In contrast, pulse rate contributed signi®cantly to blood pressure among non-stunted subjects, and explained 14% of the variance in blood pressure. The slopes for pulse rate were signi®cantly different (P`0.05) between the groups, and the intercept for the stunted group was signi®cantly higher than that for the non-stunted group (P`0.05). That is, when both pulse rate and body size were controlled for, the systolic pressure in the stunted children was signi®cantly higher than in the non-stunted children (P`0.05).
Discussion
Differences in blood pressure between stunted and non-stunted children The children in this study who were stunted in early childhood, had lower blood pressures than their non-stunted counterparts. The stunted children had caught up consider- All measures except pulse rate were signi®cantly higher among nonstunted subjects P`0.001. Growth retardation and blood pressure PS Gaskin et al ably in height since enrollment, however they remained shorter and thinner at 7 y than the non-stunted children, which contributed to their lower blood pressures. Controlling for height, BMI and pulse rate the stunted children had higher systolic blood pressure than non-stunted subjects. Since height so strongly predicts blood pressure in childhood (Prineas et al, 1980a (Prineas et al, ,1980b Lauer et al, 1984; Voors et al, 1982) , it is likely that the size differences between stunted and non-stunted subjects may have masked the propensity for raised blood pressure among stunted subjects. Pulse rate was a signi®cant predictor of systolic blood pressure in the non-stunted group. This relationship is expected and has been shown previously (Gillum, 1991; Macintyre et al, 1991) . The lack of an association between pulse rate and systolic blood pressure among stunted subjects may be due to fact that all of the stunted subjects had been studied extensively from early childhood, whereas most of the non-stunted subjects were being examined for the ®rst time. Great care was taken to ensure that all the children were measured under standard conditions, and none of the children had had their blood pressure measured before. Nonetheless the non-stunted subjects may have been more stressed by the situation and were therefore more likely to have experienced increases in pulse rate and blood pressure. This would also have contributed to a further masking of the blood pressure difference between groups. Salivary cortisol levels were higher in another sample of stunted and non-stunted children who were being examined at the unit for the ®rst time, compared with those in this cohort who had been examined more often, suggesting that children visiting the unit for the ®rst time were more stressed (Fernald & Grantham McGregor, 1998) .
Blood pressure is known to increase with age (Prineas et al, 1980a (Prineas et al, ,1980b . Among the non-stunted subjects in this study, age was not a signi®cant predictor of systolic pressure, presumably because of the small range of ages. The negative association of age with systolic pressure among stunted subjects was unexpected and suggests some alteration in the determinants of blood pressure for the group.
Signi®cant anthropometric predictors of systolic blood pressure Height and BMI were signi®cant predictors of systolic blood pressure for both stunted and non-stunted subjects, as was expected (Report of the second Task Force on Blood Pressure Control in Children, 1987) .
There was no signi®cant difference in the relationship of systolic pressure with height or BMI between the groups, suggesting that stunting had not altered these relationships.
Birth weight was not a signi®cant predictor of blood pressure, in either the stunted or non-stunted children. Many studies have demonstrated inverse relationships between birth weight and blood pressure in adults and children (Elford et al, 1991; Barker et al, 1990; Forrester et al, 1996) , although this relationship is not always found (Macintyre et al, 1991) . The range of birth weights for both groups was quite wide and the correlation coef®cients between systolic blood pressure and birth weight were close to zero. The lack of correlation before controlling for body size is not unusual, however birth weight was not a signi®cant predictor of blood pressure when entered in multiple regression analyses including height and BMI (stunted b À0.57, con®dence interval (CI) À3.80, 2.66; non-stunted b À0.92 CI À3.32, 1.50). Nevertheless the slopes were negative as would be hypothesized. Using the partial correlation coef®cients from the regression, the power to detect an association of systolic pressure with birth weight was only 64% in the stunted group and 73% in the non-stunted groups.
In conclusion, stunting in the ®rst 2 y of life is associated with increased blood pressure at ages 7 ± 8 y after controlling for size and degree of arousal.
